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Executive Summary

WFIRST-AFTA gives HST imaging over 1000's of square degrees in NIR
2.5x deeper and 1.6x better imaging than IDRM*
More complementary to Euclid & LSST. More synergistic with JWST.

Enables coronagraphy of giant planets and debris disks to address "new worlds"
science of NWNH

Fine angular resolution and high sensitivity open new discovery areas to the
community. More GO science time (25%) than for IDRM.

WFIRST-AFTA addresses changes in landscape since NWNH: Euclid selection &
Kepler discovery that 1-4 Earth radii planets are common.

Aerospace CATE cost is 8% larger than IDRM (w/o launcher, w/ risks).
Coronagraph adds16%, but addresses another NWNH recommendation.

Use of NRO telescope and addition of coronagraph have increased the interest in
WEFIRST in government, scientific community and the public.

* IDRM = 2011 WFIRST mission design to match NWNH



WFIRST-AFTA Status

Significant WFIRST-AFTA funding added to the NASA budget by Congress for
FY13 and FY14 totaling S66M

Funding is being used for pre-Phase A work to prepare for a rapid start and

allow a shortened development time
— Detector array development with H4RGs
— Coronagraph technology development
— Science simulations and modeling
— Requirements flowdown development
— Observatory design work

NASA HQ charge for telescope is "use as is" and for coronagraph is "not drive
requirements". Project / SDT driving toward fastest, cheapest implementation
of mission

Community engagement: PAGs, conferences and outreach
— Special sessions held at January and June AAS conferences
— Next conference planned for November 17-22, 2014 in Pasadena

Upcoming events
— SDT interim report due in April



NRC Review

Recognized the larger telescope extends the scientific reach and capabilities
of the mission

— “The opportunity to increase the telescope aperture and resolution by employing the 2.4-m AFTA mirror
will significantly enhance the scientific power of the mission, primarily for cosmology and general survey
science, and will also positively impact the exoplanet microlensing survey. WFIRST/AFTA’s planned
observing program is responsive to all the scientific goals described in NWNH. The opportunity to
increase the telescope aperture and resolution by employing the 2.4-m AFTA mirror will significantly
enhance the scientific power of the mission, primarily for cosmology and general survey science, and
will also positively impact the exoplanet microlensing survey.”

—  “WFIRST/AFTA observations will provide a very strong complement to the Euclid and LSST datasets. *

— “For each of the cosmological probes described in NWNH, WFIRST/AFTA exceeds the goals set out in
NWNH. These are the goals that led to the specifications of the WFIRST/IDRM (with 2.0 um cut-off). “
Concern that potential cost growth will threaten balance within astrophysics
program

— “The use of inherited hardware designed for another purpose results in design complexity, low thermal

and mass margins, and limited descope options that add to the mission risk. These factors will make
managing cost growth challenging”

— Investments in pre-phase A technology development and studies will reduce these risks
Highlight both rewards and risks of coronagraph program

— ‘Introducing a technology development program onto a flagship mission creates significant mission risks
resulting from the schedule uncertainties inherent in advancing low TRL hardware to flight readiness”

— Investments in pre-phase A technology development and studies will reduce these risks
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WFIRST-AFTA Surveys

 Multiple surveys:

— High Latitude Survey

* Imaging, spectroscopy,
supernova monitoring

— Repeated Observations of
Bulge Fields for
microlensing

— 25% Guest Observer
Program

— Coronagraph Observations

* Flexibility to choose
optimal approach
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WFIRST-AFTA Instruments

Wide-Field Instrument
- Imaging & spectroscopy over 1000s of sq deg.
- Monitoring of SN and microlensing fields
- 0.7 — 2.0 micron bandpass
- 0.28 sq deg FoV (100x JWST FoV)
- 18 H4RG detectors (288 Mpixels)

- 4 filter imaging, grism + IFU spectroscopy

Coronagraph
- Imaging of ice & gas giant exoplanets
- Imaging of debris disks
- 400 — 1000 nm bandpass

- <1O'9 contrast

- 100 milliarcsec inner working angle at 400 nm



Why AFTA Coronagraph is Good Deal

AFTA 2.4m telescope enables high sensitivity, high contrast, high
resolution coronagraphy

Extra cost of coronagraph is $270M including accommodations &
extra year of ops

Coronagraph science fits in WFIRST tripod: DE, exoplanets,
community surveys

Addresses NWNH recommendation for investment in direct imaging
technology

Coronagraph performance modeling is yielding exciting predictions

ExoPAG endorsed WFIRST-AFTA coronagraph



NWNH Identified 20 Key Science
Questions Ripe for Answering




WFIRST-AFTA Addresses These Questions

Frequently discussed
#1 Large-Scale Priority - Dark Energy, Exoplanets

#1 Medium-Scale Priority - New Worlds Tech. Development
(prepare for 2020’s planet imaging mission)

But, WFIRST-AFTA provides addresses key questions many other areas....

5 Discovery Science Areas
ID & Characterize Nearby Habitable Exoplanets v (giants)

e ew WOf'ldS 2 Time-Domain Astronomy ¢/
New HOI"IZOI"IS. Astrometry ¢/
in Astronomy and Astroﬁsncs

Epoch of Reionization 4
Gravitational Wave Astrometry

20 Key Science Questions

Origins (7/7 key areas)

Understanding the Cosmic Order (7/9 key areas)
Frontiers of Knowledge (3/4 key areas)

See Table in the AFTA SDT report (p 8 -10) for specific gains over DRM1
11




AFTA has a robust GO program

Peer-Reviewed and Competed Guest Observer Program

Establishes broad community engagement

Tackles diverse set of astrophysical questions in changing paradigms
Maximizes synergies with JWST and other future telescopes

Open competition inspires creativity

Ensures long-term scientific discovery potential

25% of AFTA Is a Guest Observer Program
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WFIRST-AFTA B

e/

vs Hubble ,n

Hubble Ultra Deep Field - IR
~5,000 galaxies in one image

WFIRST-AFTA Deep Field
>1,000,000 galaxies in each image  ,



Detecting Planets with Microlensing
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Microlensing Survey:
IDRM vs. WFIRST-AFTA

* Per unit observing time, WFIRST-AFTA" is more
capable than the IDRM design.

« The primary advantages are:

— The exoplanet yields of WFIRST-AFTA are ~1.6
times larger than IDRM for a fixed observing time.

— Significantly improved (factor of two) sensitivity to planets
with mass less than that of the Earth.

— WFIRST-AFTA will have an improved ability to
measure masses and distances to the microlensing
host stars.



Combined with space-based transit surveys,
WFIRST completes the statistical census of
planetary systems in the Galaxy.

WFIRST ¢ o ETRRT ~3000 planet
perfectly i ¥ , detections.
complements b 3 00 with Earth ma
Kepler, TESS, '
100 and PLATO.

1000

Planet mass in Earth masses

10F
1
0.1
0’010.61 0.1 . ? 10 100

Semimajor axis in AU p, Penny (OSU) 18




AFTA Coronagraph Capability

Coronagraph
Architecture:

Primary: Occulting Mask (OMC)
Backup: Phase Induced Amplitude
Apodization (PIAA) '

2 AU R=70

Jupiter—like
Neptune—like

L L L 1 L L L 1 L L L L
0.4 0.6 0.8 1.0 1.2
Wavelength (microns)

Bandpass 400 — 1000 nm | Measured sequentially
in five ~¥10% bands

Inner 100 — 250 mas | ~3A/D, driven by

working science

angle

Outer 0.75-1.8 By 48X48 DM

working arcsec

angle

Detection Contrast <10 | Cold Jupiters,

Limit (after post Neptunes, and icy
processing) | planets down to ~2 RE

Spectral ~70 With IFS, R~70 across

Res. 600 — 980 nm

Spatial 17mas Nyquist for A~430nm

Sampling

19




Coronagraph Responds to NWNH Goals

 Observe and characterize a dozen radial velocity planets.
* Discover and characterize ice and gas giants.

* Provides crucial information on the physics of planetary
atmospheres.

 Measures the exozodiacal disk level about nearby stars.

* Images circumstellar disks for signposts of planet interactions and
indications of planetary system formation.

* Matures critical coronagraph technologies (common to many
types), informing a future technology downselect for a later
terrestrial planet imaging mission.

While not driving requirements on observatory that could
impact risk, cost, or schedule (“use as-is”).
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Predicted Radial Velocity Planet Detection and Spectroscopy
Best Estimates based on Low lJitter and Post-Processing

= . . . . . | 5 Contrast (planet/star brightness

- Radial VeIOC|ty.<.:letect|ons, 550nm, 50 i ratio) of detectable known RV
Goal (0.2 mas jitter, 30x post-processing) g) .
planets vs angular separation

= HL.C
o PIAA from star

o SP
................ 100x EKB, sun at 10 pc

————— 10x zodi, sun at 10 pc
— — — 2Xx zodi, sun at 5 pc

1077

Solid lines: 5-c detection limits

Points: detectable RV planets

1072 Up to 20 for HLC.

contrast

Dashed lines: zodiacal disk &
Edgeworth-Kuiper belt (EKB)
brightness around sun, at 5 & 10 pc,
scaled to denser values than in solar
system

10-°

HLC: Hybrid Lyot Coronagraph

SP: Shaped Pupil Coronagraph

PIAA: Phase Induced Amplitude Apodization
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WFIRST-AFT Dark Energy Roadmap

Supernova Survey

High Latitude Survey

wide, medium, & deep imaging
.l_

IFU spectroscopy

2700 type la supernovae
z=0117

V

spectroscopic: galaxy redshifts

imaging: weak lensing shapes

20 million Ha galaxies, z = 1-2
2 million [OIll] galaxies, z = 2-3

500 million lensed galaxies

40,000 massive clusters

% R J

standard candle distances
Z<11t0020%and z > 1to 0.34%

standard ruler
distances expansion rate
z=121t004% z=1-21t00.72%
z=23t013% z=2-3t018%
) E H .

dark matter clustering
Z<1100.16% (WL); 0.14% (CL)
Zz>1100.54% (WL); 0.28% (CL)
1.2% (RSD)

history of dark energy

deviations from GR

wW(z), AG(z), Pre /[PrreL




WFIRST-AFTA & Euclid Complementary for DE

WFIRST-AFTA

Deep Infrared Survey (2000 sq deg)
Lensing

* High Resolution (49 gal/arcmin?)

* Galaxy shapesin IR

* 5 lensing power spectrum
Supernovae:

* High quality IFU spectra of >2000 SN
Redshift survey

* High number density of galaxies

* Redshift range extendstoz =3

Euclid
Wide optical Survey (15000 sq. deg)
Lensing:
* Lower Resolution (27 gal/arcmin?)
* Galaxy shapes in optical
* 1 lensing power spectrum
No supernovae program
Redshift survey:
* Low number density of galaxies

e Significant number of low redshift galaxies

IR
Optical
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Redshift Surveys

- . - f} u[ Y =
Ty ™ oo FEl &
wa 2, e et AT :
I LR Sk P o~ e ;
gt . . = 1270 i L [Py ! K
WL L R . - -. L P
_.!lh..! - ] Ll I ‘.:|-_ ;
., L e W L Ly .
o ¥ fak ﬁ- L A B -
by W E R L 2]
T, ..'_._.:_‘_1.5:. T T % il N
B L -
. T, : s X P | 1
r L - i 4
) A
-

) __.,-_-:..:.._:- :':.~1 . -,:- .-__:-. ',_- ._.; , .. o __::_'ﬂ
: . e AR A e, L PR el oo By
& - 100 Mpe/h H*" e A TEC 100 NMpeF

Euclid WFIRST
15,000 deg2 @ 1700 gal/deg? 2,050 deg2 @ 12,600 gal/deg?

Large scale structure simulations from 2013 SDT Report — courtesy of Ying Zu



Lessons from BICEP for the
WFIRST-AFTA DE Program

Nature is full of surprises!

No strong theory guidance on value of r. Factors of 10
improvement matter

Systematics matter
Concerns over excess EE signal, high | BB signal, null test failures
Importance of multiple independent observations

Curvature scale could be just “beyond the horizon”

Difficult to reconcile high GW signal with large scale
temperature measurements with a cutoff scale near the horizon
size. Emphasize curvature measurements.

Design of a dark energy program:

Multiple analysis methodologies and statistics used in each
probe

Multiple probes of DE (SN, WL, GRS)

Synergistic with other elements of DE program (LSST, Euclid)
Combining data sets is key to systematics reduction.
Supernovae & BAO measure evolution of space

Weak Lensing & RSD measure growth of structure.
Comparing the two provides a check on GR

I(1)CPP/2m [uK?|

0.051

0.041

0.031

0.021

0.01f

s B2xB2
x  B2xBlc

B2xKeck (preliminary)

150 200
Multipole
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AFTA: A Unique Probe of Cosmic Structure
Formation History

Using Observations from the High-Latitude Survey and GO Programs

sl | ° " _+| Detection of Large
P» . o ~+ |Sampleofz>7
: ' LA s = Galaxies

- o) Largetscale Distribution
- | of'Lyman-break Galaxies |

Survey of Emission-line GaIaX|es

Large-scale Distribution of Galaxy Clusters

Lensing Mass Functiontof.Clusters

Rresent . | g o ' 1.5 g A <500
- & . billion ‘ billion V.o million million
_ years *. * o years * « , . years " . years



WFIRST-2.4 phot limits for 10,000s
Crowding (0.5 stars / sq arcsec)
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In RCW 38 (ZMASS J & H shown).
:WFIRST-AFTA WHI reach 1000x
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Executive Summary

WFIRST-AFTA gives HST imaging over 1000's of square degrees in NIR
2.5x deeper and 1.6x better imaging than IDRM*
More complementary to Euclid & LSST. More synergistic with JWST.

Enables coronagraphy of giant planets and debris disks to address "new worlds"
science of NWNH

Fine angular resolution and high sensitivity open new discovery areas to the
community. More GO science time (25%) than for IDRM.

WFIRST-AFTA addresses changes in landscape since NWNH: Euclid selection &
Kepler discovery that 1-4 Earth radii planets are common.

Aerospace CATE cost is 8% larger than IDRM (w/o launcher, w/ risks).
Coronagraph adds16%, but addresses another NWNH recommendation.

Use of NRO telescope and addition of coronagraph have increased the interest in
WEFIRST in government, scientific community and the public.

* IDRM = 2011 WFIRST mission design to match NWNH
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R~70 spectra can determine planet properties

2 AU R=70
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AFTA RV Exoplanet Detection Estimates

* RV exoplanet detections are estimated based on imaging
of radial velocity planets from the current RV catalog

Inner # RV planets, 550nm | # spectral bands per
Configuration| Design working band, 6-month target,
angle campaign 6-month campaign
Prime 4 4.3
SP 0.19
(OMC: 7 4.9
Occulting 18 4.3
Mask Coron.) HL 0.10 19 4.2
23 3.2
Backup PIAA 0.09 30 43

Note 1. Two rows for contrast and # RV images columns are for cases of

- Current Best Estimate: 0.4 mas RMS jitter & 1 mas star, 10x post-processing factor (slide 4)

- Goal: 0.2 mas RMS jitter & 1 mas star, 30x post-processing factor (slide 5)
Note 2. Spectral bands are 10% wide, centered at 450, 550, 650, 800, 950 nm

Detection and spectroscopy of up to 20 known RV planets is predicted based on
simulations of current baseline coronagraph designs. Designs are still being
optimized and performance is likely to change.




Redshift Survey/BAO Comparison

Comparison to IDRM ° \ DES| ELGALRG (18K deg?) —
. ' =1- i Euclid (15k
Ha redshift range z = 1-2 (2.7) instead of . lA?:'TA( o dgggg
2=0.7-2 \ IDRM deep (2.7k degy) ——
IDRM wide (11k deg®)

* Smaller survey area (2000 deg? vs. 2700 6 \

|

deg?) but much higher galaxy space density
e FOM ratio = 0.99 for full sample. AFTA is a

0.2h/Mpc)

5

| 7\
1.6x improvements for z> 1 4
e [Olll] emitters provide sparsely sampled

P(k
w
/

tracers for BAO and RSD at z=2-3 - \ \
Comparison to Euclid .
* Euclid has larger area but 10x lower space 1

density. 0 N— —
* DESI numbers (from DESI white paper) 0 0.5 1 1.5 2 2.5

Forecast aggregate precision: 0.40% in D,, 0.72% in H, at z=1-2
1.3% in D,, 1.8% in H, at z=2-3 ([Olll] emitters)
1.2% in o,,(z)f(z) at z=1-2 (from RSD)



Null Tests in A Real Optical WL Survey

* What tests convince you that you did the measurement correctly?
* The need for redundant measurements — long appreciated in other precision
measurements (e.g. CMB) — also applies to weak lensing.

1049é++(9) (arcmin)

Colour difference plot, 0.5(rr+ii)-ri: ++

3 II | | | | | | I 111l II | | | | | | I 1T 1 II
25 - Statistical error on
2 - e shear correlation
€ function
1.5 | .
'1 — e —— = T T T —

o :ﬁHHﬁHi o

05 auto-correlations
- (rr,ii) and cross-
correlations (ri)

0 (arcmin) Huff et al 2011
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Systematic Effects in Large Scale Surveys

Map of SDSS photometric quasars
(Pullen & Hirata 2013)

Striping clearly visible even though
this is one of the best-calibrated
surveys in the history of optical
astronomy.

Multiple revisits with carefully
planned strategies to break
degeneracies are the key to
separating these effects from
real signal, and are an
indispensible ingredient for
next-generation surveys such as
WFIRST and LSST.




Supernova Comparison

Larger aperture and IFU allow
major improvements over DRM1
and IDRM:

 More SNe (2750 vs. 1500)

* More even redshift distribution

* [ower systematics: Better photometry
and calibration, no K-corrections,
spectral diagnostics to compare
similar high- and low-z SNe

Fractional Distance Error

Observing strategy can be tailored to
match statistical and systematic
uncertainties in each redshift bin.

Euclid has no planned SN program
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From SDT Report — April 30, 2013

DISCOVERY SCIENCE

| |KeyObservation Improvement over DRM1

Identification and characten-
zation of nearby habitable
exoplanets

Grawtatmnaf (EICEL S Detect optical counterparts Ability to detect fainter sources A-52

Astrometry Measure star positions and mo-  Achieve same level of accura- 2.3.3

tions cy 9x faster A-6, A-17, A-18
A-19, A-22, A-23
A-24, A-25, A-26

The epoch of reionization
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ORIGINS

| KeyObservation Improvement over DRM1

TR R e R 08 Detect early galaxies and qua- | ~10x increase in high z 2.3.1
light up the universe, and sars for follow-up by JWST, JWST target galaxies A-43, A-45, A-46

when did they do it? ALMA, and next generation B-5
ground-based telescopes Very high-z supernova

How do cosmic structures Trace evolution of galaxy prop-  1.9x sharper galaxy images  A-31, A-32, A-39

form and evolve? erties A-47,B-13

TR e e High resolution 2000 sq. deg Double the number density of — A-25, A-26, A-33
tween dark and luminous map of dark matter distribution  lensed galaxies per unit area.  A-35, A-36, A-37

matter? and still higher resolution maps A-38, A-50
in selected fields Capable of observing 200-300
lensed galaxies/arcmin?
Dark Matter distribution in
dwarfs to rich clusters Astrometry of stars in nearby
dwarfs

L ETRER G ERGEE N G K B Map the motions and properties  3x increase in photometric A-21, A-22, A-25
ORI e g R R g of stars in the Milky Way +its  sensitivity + 9x increase in as-  A-26, A-27, A-28

stars to the present? neighbors trometric speed A-29, A-30, B-19
Find faint dwarfs JWST follow-up
How do stars form? Survey stellar populations IFU spectroscopy A-11, A-12, A-13
across wide range of luminosi- A-14, A-15, A-16
ties, ages and environments 3x more sensitive + 1.9x A-47, B-8, B-11
sharper galaxy images
How do circumstellar disks Image debris disks Coronagraph 25.2

evolve and form planetary
systems?

39




ORIGINS cont.

How did the universe begin?

UNDERSTANDING THE COSMIC ORDER

| |KeyObservation Improvement over DRM1
How do baryons cycle in and

out of galaxies, and what do

they do while they are there?

What are the flows of matier

galaxies?

and energy in the circum-
L CET R EN  [dentify and characterize qua-  Excellent match to LSST sen-  A-41, A-43, A-48

galactic medium?
What controls the mass-

G ETCRE N TR AT el sars and AGNs, black hole sitivity
roundings? hosts

1.9x sharper images
Use strong lensing to probe
black hole disk structure

ic fields affect stars?




UNDERSTANDING THE COSMIC ORDER cont.

(o (o1 R G R TEER T =B Microlensing census of black A-18
stars end? holes in the Milky Way

U EIETCRGER LG R B Study supemnova la across IFU Spectroscopy B-7
Type la supernovae and how |+« [=1) [

do they explode?
Detect SN progenitors in near-
by galaxies
How diverse are planetary Detect 3000 cold exoplanets 60% increase in the number of 2.5.1,2.5.2.3
systems? and complete the census of ex- Earth size and smaller planets A-6, A-7, A-8
oplanetary systems throughout detected by microlensing, im-  B-15, B-17
the Galaxy. proved characterization of the
planetary systems
Detects free-floating planets
Joint lensing studies with IFU

JWST

Images of exozodiacal disks Coronagraph
around nearby stars

Do habitable worlds exist Develop precursor coronagraph Coronagraph 2.5.2
around other stars, andcan Q0 015

we identify the telltale signs

of life on an exoplanet? Characterize number of planets  60% increase in the number of 2.5.1
beyond snow line to understand Earth size and smaller planets

origins of water detected by microlensing



FRONTIERS OF KNOWLEDGE
Why is the universe acceler-
ating?

Use SN as standard candles

Use BAQ to measure distance
as a function of redshift

Use lensing fo trace the evolu-
fion of dark matter

Use rich clusters to measure
the growth rate of structure

Characterize dark matter sub-
halos around the Milky Way

Characterize dark matter in
clusters

Strong lenses

Measure neutrino effects on
growth rate of structure and
shape of galaxy power spec-
frum

~2% improvement in SN dis- 2.2

fance measurements and sig-
nificantly improved control of
systematics

60% higher density of galaxies
for the redshift survey

~2% increase in source density

Capable of observing 200-300
lensed galaxies/arcmin?

A-22 A-24, A-25
2.3.2, A-38

B-3

~1.9x sharper galaxy images

~83x increase in asfrometry
speed

~JWST follow-up of strong
lenses

~2-3% increase in lensed gal-
axies per unit area

~2X% increase in number densi-
fy of spectroscopic galaxies
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